Commonly consumed beverages, e.g., green tea, green coffee, and red wine, have gained a prominent role in food science due to their nutraceutical value. The high content in bioactive compounds, particularly polyphenols, able to scavenge free radicals and other reactive species, has led to considerable interest in assessing the impact of their consumption in human diet. In vitro and in vivo tests have highlighted the multiple reaction mechanisms involved in the protective role of polyphenols; nevertheless, the variability of chemical structures of phenolic compounds, their reactivity and side-effects, and their availability to the human metabolism are key issues to increase awareness on the use of functional beverages as diet supplements. This review aims to provide chemical and nutraceutical bases to establish the healthy effects induced by green tea, green coffee and red wine polyphenols intake in human diet.
Introduction
Polyphenols are ubiquitous compounds in plants, produced by plant metabolism and stored in leaves, wood, roots, stems, seeds, and fruits to protect tissues against pathogens [1] . Most of these compounds are readily available in derived food products, extracted during alcoholic fermentations, hot water infusions, roasting processes; the extraction of polyphenolic compounds from their botanical sources has a long tradition in the food industry, and it is reaching an increasing interest due to their unique bioactive properties and beneficial health effects [2] [3] [4] [5] . Polyphenolic compounds range structurally from low-weight monomeric and dimeric compounds (as in the case of castalagin, vescalagin, and roburin ellagitannins) up to high molecular weight polyphenols, obtained via addition or condensation reactions between monomers (tannic acid, proanthocyanidins); every subclass is characterised by specific mechanisms of action (radical scavenging, reduction and/or complexation of catalytic metal ions) [6] . Flavonoids and other plant polyphenols exhibit a strong antioxidant activity related to the individual structure and number of hydroxyl groups; a consistent number of in vitro and in vivo studies have supported the theoretical antioxidant capacity of polyphenolic compounds against free radicals, and there is an increasing evidence that consumption of phenolic compounds in food may protect against a variety of health disorders [7] [8] [9] . Moreover, the presence of food phenolic compounds extends shelf-life and improves the quality of food products, limiting both the oxidation of organic substrates and the formation of toxic or potentially harmful by-products, thus contributing to the conservation of nutritional properties. A correct balance in polyphenolic compounds enables the limitation or the replacement of synthetic antioxidants, which is desiderable for the consumer's health, since synthetic additives constitute a source of allergens or are potentially toxic when used at high dosages [10, 11] .
Beverages has have a long tradition within the functional foods, and several commonly consumed beverages are rich in polyphenolic compounds: the intake of leaves, roots, flowers and fruit . 02 .
infusions and the moderate consumption of alcoholic beverages like red wine are considered as an effective dietary practice to guarantee the correct polyphenolic intake for human nutritional needs. Regardless the variability related to the botanical source and to the bioavailability of polyphenols extracted from plants tissues, average polyphenolic content obtained for standard serving conditions have been investigated and aggregate values have been reported as follows: a cup of black coffee contains between 200 and 550 mg polyphenols, a cup of tea (either white, green or black) between 150 and 200 mg, a glass of wine-including red and white varietals-between 200 and 800 mg, as red wine is generally richer in polyphenols [12] [13] [14] .
The aim of this review is to summarize recent advances in the study of the polyphenolic content and related nutraceutical effects of selected commonly consumed beverages: green tea, green coffee and red wine.
Coffee and tea trade is an important sector of the global food market, according to the worldwide distribution of these products; more specifically, green tea and green coffee are greatly appreciated by consumers who are interested in healthy and highly nutritional products.
Green tea leaves are rich in flavonoid derivatives of (epi)catechin, gallo(epi)catechins and especially (epi)gallocatechin gallates, readily extracted in hot water infusion [15] . The manufacture of black tea leads to the modification of this specific polyphenolic profile as a consequence of the enzyme-catalyzed oxidation of catechin-based structures that results in the formation of reactive catechin-based quinones and further complex flavonoid -based structures (mainly theaflavins and thearubigins) having weaker antioxidant capacity. A comparative study of Rababah et al., concluded that regardless the content in total polyphenolic compounds (59.8 mg of Catechin Equivalent (CAE)/g Dry Weight (DW) for green tea and 59.3 mg of CAE/g DW for black tea) the antioxidant activity is enhanced in green tea approx. 70 .1% against 52.0% in black tea (as calculated using the Conjugated Diene Method) [16] . Accordingly, the antioxidant activity of unfermented green tea and related polyphenolic active components have been extensively studied, in view of their exploitation as dietary supplements.
Green coffee has been recently introduced in the food market, despite the widespread long-term tradition characterising the roasted product. Green coffee bean mass varies between 100 and 200 mg, according to the geographical origin and to the water available to the bushes. The most representative bioactive compounds in fresh coffee are hydroxycinnamic acids that confer unique antioxidant properties to the beans and are readily extractable in hot water. The common practice of roasting coffee markedly affects on the original polyphenolic profile, although providing black coffee its pleasant taste and aroma. Roasting could reach pyrolytic peaks ranging from 190°-210°C; at these temperatures, a fraction of dry matter (approx. 10%) and water (approx. 25%) is lost during the process, and Maillard and other side-reactions occur, producing lactones (caffeoyl quinides) and phenylindans from chlorogenic acids ( Figure 1 ) [17] . In order to both preserve the polyphenolic composition of coffee and take advantage of sensory improvement induced by roasting, the impact of reducing roasting times has been investigated, to obtain a satisfactory compromise for the industrial needs; nevertheless, a study of Daglia et al., has highlighted a nonlinear effect between roasting degree and change of in vitro antioxidant activity of the polyphenolic fraction of Coffea arabica and Coffea robusta species from different countries, discouraging a forecasting approach [18] . Fresh beans and roasted coffee have therefore maintained distinct identities in the food industry and green coffee production is currently encouraged for the preparation of nutritional supplements, mainly infusions and dry extracts [19, 20] . Grape berries contain a variety of antioxidants, in particular flavonoid compounds located in the grape seeds and skin and gradually released in wine as a consequence of alcoholic extraction following the production of ethanol by fermentation. Aggregate values for the polyphenolic composition in red and white wines have been reported, showing that non-flavonoid polyphenols could reach values up to 500 mg/L, while flavonoids could exceed 1000 mg/L; the higher content in polyphenolic compounds in red wine accounts not only from the composition of the red grape varieties, which are enriched in flavonoid and anthocyanins, but also from the winemaking practices, involving a prolonged contact with grape skins during the maceration process [21] . Regardless the impact of flavonoid compounds and other polyphenols released during aging in oak barrel in the physico-chemical and sensory properties of wine, the high content of polyphenolic antioxidant in red wine encourages its moderate consumption despite its significant alcoholic content; epidemiological studies have confirmed that the consumption of wine, particularly red wine varietals, reduces the incidence of coronary heart diseases, and the cardioprotective effect has been attributed to the specific polyphenolic profile and content. This has given rise to the socalled "French paradox", showing how the toxic effect provided by alcohol is offset by the massive presence of protective compounds [22] [23] [24] . Nowadays, wine has a worldwide distribution, both in production and consumption terms, and the effect of moderate red wine consumption in the human health is gaining an increasing interest in food sciences, being an integral . 03 .
part of the diet for most of the world's human communities.
The selected beverages are discussed in detail as sources of bioactive compounds in the following review's sections, investigating their polyphenolic composition and disclosing the physicochemistry behind their antioxidant capacity. In addition, the potential impact of bioavailability and human metabolism in the beneficial effect of beverages consumption is been debated.
The Chemistry of Bioactive Polyphenols
The wide chemical class of phenolic compounds comprises natural substances of plant origin characterized by the presence of at least one phenolic function and a marked antioxidant activity. In order of increasing complexity, this class includes hydroxystilbenes, simple benzoic acids, monomeric flavonoid compounds, hydroxycinnamic acids, oligomeric compounds based on catechol structures and caffeic acid moieties (rosmarinic acid, salvianolic acids), anthocyanins monomeric pigments (flavonoid-based structures) and their derivatives, up to more complex structures, including high-molecular weight monomeric, oligomeric and polymeric tannins, tannin adducts and polymeric pigments. Due to the high number and complexity of polyphenolic compounds, in the context of this review we will focus on the most representative compounds contained in selected beverages; in more detail, both flavonoids and flavan-3-ols are major polyphenols of green tea leaves, grape seeds and skin and thus present in green tea infusion and red wine, while the hydroxycinnamic acids, based on cinnamates, chlorogenic acids and their esters, are mainly responsible for the antioxidant activity of green coffee beverages. A further class of compounds, gallotannins and ellagitannins present in oak barrels, will be discussed due to their ability of being leached into wine during barrique aging, since they play an important role as antioxidants with a double action: preserving the integrity of wine and increasing the antioxidant capacity of wine itself [25] .
Nutraceutical and clinical studies in food polyphenols have confirmed the existence of Structure-Activity Relationships (SAR) as a basis for the main antioxidant mechanisms; studies showed the induction of oxidative stress in analytical standards and food matrices by external activators as oxidase enzymes, transition metals, addition of synthetic radicals or physical stress conditions (pressure, temperature) capable to generate Reactive Oxygen Species (ROS), and offered a reasonable predictions of the influence of antioxidant compounds chemical structures in radical scavenging, catalysts inactivation and oxidases conversion into harmless compounds [26] [27] [28] [29] . Now we are aware that multiple mechanisms contribute to overall antioxidant effect (neturalization of free radicals through hydrogen or electron transfer mechanisms, chelation of transitions metals which are natural catalysts of the fenton or fenton-like reactions, inactivation of oxidase enzymes through the subtraction of binding sites and reduction of the subtraction of binding sites) and polyphenolic compounds can be classified on an effectiveness basis [30] [31] [32] [33] . Based on these premises, the most important antioxidant mechanisms for the polyphenolic classes of interest are schematically represented in figure 2 and will be discussed in more details in the next sections (2.1 -2.3). The number and nature of substituents, the degree of polymer- . 04 . occurring in both red wine and green tea. On a chemical perspective, the structures responsible for antioxidant capacity of flavonoids are: ortho-3,4-dihydroxyl group (catechol) or 3,4,5-trihydroxyl group in the B-ring (gallocatechol), a galloylated moiety at the position 3 of the C-ring (flavonoid gallate compound), unsaturation and oxo-group in the C-ring (furan) and hydroxyl substitutions at positions 5 and 7 of the A-ring (resorcinol); all these structures contribute to the formation of intra-molecular H-bonding and to the electron delocalization from the B-ring [26] . Structure-activity relationship: Farkas et al., have conducted structure-activity investigations on the antioxidant properties of well-known flavonoids, showing that a major contribution arises from the number and position of hydroxyl groups [34] . The free radical scavenging activity of flavonoids is primarily attributed to the reactivity of hydroxy-substituted benzene ring; in particular, the B-ring configuration plays a key role in ROS scavenging. The specific electron resonance induced by orto di-and tri-substitutions enhances the hydrogen or electron-donor capability, which are diffusion-controlled mechanisms, and constitute the basis for deactivation of hydroxyl, peroxyl radicals and other reactive species. Catechol and pyrogallol moieties are able to neutralize the exceeding energy gap between the ground state and the 1 Δ excited state of molecular oxygen, which was estimated in 937.2 kJ according to Bradley & Min (1992) , through a single H or electron donation [35] ; the resulting products are neutral oxygen species and a relatively stable flavonoid radical, characterised by lower stabilisation energies ( ≈ 387.7 kcal/mol for (+)-catechin radical) [36] .
Flavonoid compounds
The number of ortho-hydroxy substituents has a major effect on the antiradical effect; this is related to the rearrangement of electronic configuration that affects the availability of protons in transfer processes. The 3,4-catechol structure of the B-ring strongly enhances the inhibition of peroxidation; as an example, luteolin overcomes kaempferol in antiradical ability, although having the same basic structure (flavonol compound), and mechanistic studies under similar experimental conditions have demonstrated that this is related to the lack of catechol ring in the kaempferol molecule [36] . The role of the A ring and of the heterocycle to the total antioxidant capacity was investigated; it was observed that the resorcinol-like moieties have a minor correlation with redox and antiradical activities [37] , even though a 5-OH substitution seemed to contribute to the radical scavenging effect [38] . The C-heterocycle contributes to antiradical activity by extending the conjugation between A and B rings, thus increasing electron displacement, through a planar, free 3-OH (flavan-3-ols, flavonols), 2,3-unsaturation (flavonols) and the presence of 4-oxo function (flavonols). The superior antiradical action of flavonols could be ascribed to the combined presence of these two molecular features; in particular the 3-OH substitution promotes a planar molecular geometry through the formation of intramolecular hydrogen bonds, increasing the availability of active sites [26, 36, 39] . The presence of glycosylation or methylation at the position 3 of the heterocycle induces the suppression of the antiradical activity and this effect has particularly been observed in flavonol monomeric compounds [39] . The occurrence of condensed structures (proanthocyanidins, prodelphinidins) has a positive effect on the total antioxidant capacity, however not correlated with an increase in the number of monomeric units. The mechanism of action behind this non-linear effect is poorly understood; it has been postulated that the spatial arrangement of complex polymeric structures is responsible for this apparent contradictory trend. Briefly, the non-planar geometry of condensed polymers inactivates some hidden hydrowyls, as in diffusion-controlled mechanisms the proximity of reaction sites is a crucial condition for reactivity [5] . It was further observed that procyanidins dimers and trimers have both an additional antiradical effect with respect to the number of monomers, but little difference has been observed between dimers-trimers and trimers-tetramers couples; reversely, a significantly enhanced bioactivity is observed between hexamers and tetramers [40] . The most claimed theory is that higher polymers take advantage of a consistent number of C4-C8 condensation linkages, increasing the stability of the polymeric flavonoid radicals formed during the radical chain-breaking reactions [41] .
The flavonoid compounds are essential components in green tea and red wine beverages and their nutraceutical impact will be further discussed in sections 5 and 6.
Bioactivity: Much of the literature refers to the flavonoids as a case study for the benefit nutraceutical and biological properties of polyphenols, due to their enhanced antioxidant and antiradical activities and their peculiar ability to regenerate their original structure during oxidative reactions [26] . The flavonoid compounds are widely available from several plant foods, in fruits, berries, nuts, leaves, woody parts, and for this reason they are widespread in the industry of nutraceutical beverages and diet supplements [13] . Several experiments have focused on the flavonoid composition of beverages derived from natural sources, investigating the extent of the antioxidant and antiradical contributions [12, 14, 15] . Lakenbrink et al., have reviewed the activity of commercial tea bag and other drinks derived from the same plant and intended as food supplements [14] ; according to this study, flavonoid accounted for 93-94% (average value) of the total polyphenols content in selected commercial products, and such composition remained constant after 2 minutes brewing; it was also demonstrated that the flavonols and flavons compounds were more effectively extracted when compared to other phenolic, flavonoids and theaflavines (whose extraction yields ranged 35-55%), and efficiency of the extraction was comparable with caffeine (extraction yields ranging 55-90%) [14] .
The availability of flavonoid and their efficient extraction from natural sources is the main reason for the high antioxidant level of derived beverages, as determined by in vitro and in vivo studies [26, 27] . Flavonoid showed antiradical activities when using the DPPH as the model radical; a work investigating the activity of selected flavonoids, including catechin, epicatechin, epigallocatechin, epicatechin gallate, epigallocatechin gallate, myricetin, quercetin, apigenin, kaempferol, and luteolin, toward 1,1-Diphenyl-2 Picryl-Hydrazyl [DPPH] radical, provided the activity of such compounds in aqueous systems, also enabling a classification based on the effectiveness (in terms of amount of radical scavenged after 20 minutes incubation); it resulted that the epi-. 05 .
gallocatechin gallate was the most effective antiradical, showing the lowest concentration needed to scavenge 50% of DPPH• radical (IC 50 , 1.06 µM). Contrariwise, luteolin needed the highest concentration to scavenge the same amount of radical (IC 50 , >15 µM), and kaempferol was also less effective (IC 50 , 5.93 µM). When excluding Kaempferol and luteolin, selected flavonoid showed low IC 50 values (range 1.06 -3.99 µM), confirming their pronounced ability to neutralize radicals in solution [32] .
Flavonoid-rich plant extracts are gaining an increasing interest in their application as food supplements or additives. A recent review has focused on the activity of natural sources of proanthocyanidins like pine bark and grape seeds, studying the antioxidant capacity of extracts obtained and intended for the food supplements industry. Large ranges in antioxidant potency were found in the formulations commercially available, ranging from 16 to 8392 µmol TE/g as measured using the TEAC assay; this is a consequence of the quality of the botanical source and the efficiency of the extraction methods used, together with the potential adulterations. The authors highlighted the need for defining a detailed quality control procedure, especially in the United States market were the herbal supplements are not regulated as drugs, but generically labeled as food "supplements" [4] .
Proanthocyanin sources such as pine bark and grape seed extracts had antioxidant capacities ranging from 16 to 8392 µmol TE/g. The finding of these wide ranges in the antioxidant potency of the products assayed underscores the need for quality control of these herbal supplements. This need is especially important in the United States because herbal supplements are not regulated as drugs, but are instead sold as "food supplements" [4] . In the same work, it was also highlighted that the absence of anthocyanins in grape seeds and pine bark sources negatively affected the antioxidant activity levels of the extracts when compared to berry-based products bilberry, cranberry, chokeberry, and elderberry, which showed systematically higher antioxidant capacities determined using the ORAC assay [4] .
The impact of the flavonoid profile on the nutraceutical properties of green tea and red wine will be described in more detail in the sections 5 and 6 of this review.
Hydroxycinnamic acids
Chemical structure: Hydroxycinnamic acids and their derivatives also called hydroxycinnamates, are dietary non-flavonoid polyphenols largely present in fruits, vegetables, and commonly consumed beverages: Radtke et al., have estimated a daily intake of 206 mg hydroxycinnamates in habitual coffee drinkers [42] . Hydroxycinnamic acids are basically composed by a benzene ring with a three-carbon chain substituent, structure that is referred to as C6-C3 ( Figure 4) ; they are generally classified as phenylpropanoid compounds. On a nutritional point of view, the prominent compounds are Caffeic Acid (CaA), Chlorogenic Acid (ChA), Sinapic Acid (SA), Ferulic Acid (FA), p-Coumaric (pCU) Monomers, and their bound, conjugated and esterified forms. Structure-activity relationship: Several studies have recog- nized the antioxidant activity of hydroxycinnamic acids, as well as the beneficial secondary effects of reducing the intestinal absorption of glucose and modulating the hormonal secretions; accordingly, they have been qualified as dietary supplements for the management of oxidative stress-related diseases [43] [44] [45] . The antioxidant capacity of this class of compounds is related to the ability to scavenge radicals, bind proteins, and chelate metals, along with their enhanced reducing power. The reduction of transition metal ions like Fe 3+ and Cu 2+ is considered the basis for their dose-dependent antioxidant or prooxidant effects; when reducing iron and copper ions they subtract catalysts for Fenton or Fenton-like reactions, which are the basic reactions for the formation of ROS; nevertheless, a high Fe 3+ to Fe 2+ (or Cu 2+ to Cu + ) conversion rate is responsible for the regeneration of Fenton's catalysts [46] . Despite this dual effect could discourages a massive consumption of hydroxycinnamates and of phenolic compounds characterised by similar reactivity, it was earlier proposed that the prooxidant action of hydroxycinnamic acids under controlled conditions may also be the key mechanism for their anticancer and apoptosis-inducing properties [47] .
In general, the presence of a second hydroxyl group in the ortho-or para-positions was observed to increase antioxidant activity due to electron resonance stabilization and formation of related quinones; this observation can be extended to the whole class of polyphenolic compounds [26, 48] . In the specific case of hydroxycinnamates, the number and distribution of hydroxyl groups showed a critical role in the discrimination of compounds based on their antioxidant capacity: it follows that the Total Antioxidant Capacity (TAC) of caffeic acid and related phenethyl ester are greater than those of ferulic acid and its derivates, and that caffeic acid dimer (rosmarinic acid) has an increased activity compared to the related monomer. Hydroxicinnamic acids generally have a lower activity against ROS than other polyphenolic classes [49] ; nevertheless, clinical studies have highlighted the specific ability of caffeic acid and its derivatives to inhibit human Low-Density Lipoprotein (LDL) oxidation, and a ranking of single cinnamates on an effectiveness scale basis has been attempted by several authors [50] [51] [52] . In the study of Nardini et al., caffeic, ferulic, and p-coumaric acids were assayed for the inhibition of in vitro LDL oxidation, using Cu 2+ as catalyst. At the minimum assayed concentration (5 μM), only caffeic acid protected LDL from oxidative stress, and it remained the prominent antiradical at higher concentrations, confirming the previous observations on the relationship between activity and structural properties of . 06 .
hydroxy-substituted compounds. Moreover, the formation of a caffeic acid:copper complex responsible for a transient chelating activity was elucidated using UV-Vis spectroscopy; the same authors stated that the superior antioxidant activity observed for caffeic acid in the specific analytical conditions could be ascribed to a combination of both radical chain-breaking and metal chelation mechanisms [50] . Cheng et al., have ranked the monomeric cinnamates of nutritional interest according to the lipoprotein protective effect. The selected monomers were classified as follows: caffeic acid > chlorogenic acid > sinapic acid > ferulic acid > p-coumaric acid when using the water-soluble 2,2′-azobis(2-amidinopropane hydrochloride) as reactive initiator and the same ranking was obtained when using the cupric ion Cu 2+ as oxidation catalyst [52] . We can generally conclude that hydroxycinnamic acids bearing ortho-dihydroxyl or 4-hydroxy-3-methoxyl groups possess significantly higher antioxidant activity; it has been proposed that the activity of p-coumaric and ferulic acids-based compounds against LDL oxidation could also be enhanced through tartaric acid esterification and subsequent binding to apolipoprotein B functions [51] .
Bioactivity:
The hydroxycinnamic acid derivatives are largely present in the human diet, distributed between fruits, vegetables, beverages; the average daily uptake of caffeic acid in a habitual coffee drinker was estimated in 206 mg [52] . Most generally, hydroxycinnamic in the diet are largely derived from fruits, grains, and coffee; in fruits, p-coumaric, caffeic, and ferulic acids are the most representative and predominantly occur in esterified form with quinic acid or glucose, hydroxycinnamoylquinic acids are mainly obtained from pome and stone fruits consumption (with chlorogenic acid being predominant in apples, pears, and peaches and neochlorogenic acid dominating in plums) [51] . The antioxidant activity of hydroxycinnamic acid derivatives was investigated in model systems, especially about their ability to inhibit the oxidation of Low-Density Lipoproteins (LDL), showing an enhanced inhibitory effect against peroxidation [51, 52] . In a work after Nardini et al., the effect of caffeic, ferulic and p-cumaric acids in inhibiting LDL oxidative modification induced by oxidant systems in aqueous phase was tested, and it was demonstrated that the peculiar structure of caffeic acid, bearing two phenolic hydroxy group was able to enhance the inhibitory activity against oxidation, following a dose-dependent trend [50] . To further investigate the effect of different hydroxycinnamic acid structures in the antioxidant capacity, selection of compounds which are systematically found in fruits were tested in in vitro studies, showing that the o-dihydroxy caffeic, caftaric, chlorogenic, and neochlorogenic acids inhibited the oxidation of LDL from 86 to 97% in a 5 µM concentration, and that the activity of p-cumaric and ferulic acids was improved following esterification of tartaric acid; the latter mechanisms was possibly due to the binding of apolipoprotein B in the LDL particle, and it is likely to occur in in vivo systems like fruits [51] .
The previous works highlighted that an improved understanding of antioxidant mechanisms for the inhibition of radical formations and LDL oxidation might enhance the contribution of in vitro observation in defining the optimal dietary intake of hydroxycinnamic compounds in the human diet, also supporting the selection of their most valuable dietary sources. The present review will account for the dietary uptake of hydroxycinnamic acid by means of green coffee consumption, and this topic will be discussed in more detail in section 6.
Ellagitannins and gallotannins
Chemical structure: Phenolic enzymatic coupling and galloylation of the sugar ring in plant tissues are responsible for the formation of high molecular weight compounds like ellagitannins and gallotannins; these molecules are generally classified as hydrolysable tannins, referring to their specific ability to decompose in water, with which they react to form water-soluble substances [53] . Hydrolysable tannins are mainly included in wood and woody part of plants: pentagalloyl glucose and galloyl glucose chain fragments usually arises from degradation of lignin during the extraction process [2] . Galloyl moieties could undergo dehydrogenation between 2-4 and 3-6 gallates forming ellagic acid, Hexahydroxydiphenic Acid Dimers (HHDP) and lowweight polymers, which are the basic structures for ellagitannin compounds [54] . Ellagic acid is the main wood polyphenol in its monomeric, oligomeric and polymerized forms; it is also present in rasperries, strawberries, walnuts, black currants and, in a minor extent, in grape; it is also the main phenolic constituent in distilled beverages, while its presence in wine (especially red wine) could be ascribed to aging in barrels or to the addition of powdered tannins, wood chips and staves during wine fining.
Structure-activity relationship:
It has been observed that the prolonged contact of wine with wood contributes to the release of ellagic acid-based compounds, being soluble in hydro-alcoholic systems, with a beneficial effect on wine conservability and sensory profile [55, 56] . A significant role in total antioxidant activity of aged wines is played by hydrolysable compounds, mainly castalagin and vescalagin deriving from castalin and vescalin precursors, roburin dimers and polygalloylglucose fragments, which are major phenolic components of oak, chestnut and cherry woods used for cooperage [54, 57, 58] . The role of hydrolysable tannins in antioxidant activity is controversial: Vivas and Glories have demonstrated that ellagitannins are partially involved in wine oxidation processes, due to their tendensy to absorb dissolved oxygen, thus enhancing the hydroperoxidation of wine constituents [59] ; it follows that a wrong dosage could affect the quality and shelf-life of wine. In contrast, the ability of hydrolysable extracts to react quickly with oxygen is the origin for color stabilisation of red wines by generating alternative reaction paths with stable intermediates [60] [61] [62] . This is the reason for the double beneficial effect of the presence of oak-derived compounds in wine; on one hand, they prevent wine from chemical oxidation and on the other hand they increase the healty impact of moderate wine consumption [25] . Antiradical activity of hydrolysable tannins has been evaluated through the in vitro test of the 1,1-Diphenyl-2-Picryl-Hydrazyl (DPPH•) stable azo radical; results showed that ellagitannins have a protective effect against superoxide radical, hydroxyl radical and inhibit LDL oxidation in model systems [63] [64] [65] . In the study of Romani et al., the antiradical properties of myrtle and pomegranate, typical sources of both hydrolysable and condensed tannins, have been compared with the antioxidant capacity of chestnut barks and of a commercial extract from grapes, which are typically rich in hydro-. 07 . for pomegranate peels (mainly having predominant ellagitannin structures), 1.675 μmol L −1 for grape seeds (rich in proanthocyanidins and gallic acid). It was concluded that the simultaneous presence of gallotannins and ellagitannins or flavonoids enhances the antiradical activity of botanical extracts; contrariwise, the EC 50 of pomegranate peel extract and the EC 50 of grape seeds, while missing this combination, decreased the radical scavenging activity of 2-3 times. The same conclusion was drawn when comparing the inhibition of LDL oxidation by ellagitannins and flavonoid compounds; it was found a generally higher activity for hydrolysable structures, with the exception of (-)-epigallocatechin gallate (the main component of so-called green tea tannin) that showed comparable results with respect to ellagic and gallotannins [62] . An additional effect of reduction of metallic catalysts like Cu 2+ and Fe 3+ was observed in the presence of tannins at room temperatures. Hydrolysable polyphenols have a low oxidation potential [37] and this is the basis for their ability to reduce and chelate transition metal ions.
Bioactivity:
Ellagitannins are common dietary polyphenols, and their antioxidant and chemopreventive activities have been reviewed in the scientific literature [25, 62, 63] . Different valuable sources of ellagitannins have been detected, mainly strawberries, red raspberries, myrtle, and pomegranate berries, myrtle leaves, walnuts, and oak-aged red wine, and metabolomics studies have enabled the identification of microbial metabolite urolithin B as a biomarker of the gastrointestinal activity when assimilating dietary ellagitannins [25] . Isolation and structural determination of ellagitannin structures occurring in dietary sources, coupled to the determination of biological activities of the same compounds in model solutions have enabled the discussion of the nutritional value of tannins on the basis of their structural differences.
A review by Okuda et al., have focused on this aspect, showing that the different chemical arrangements provided within this class of compounds have different potential applications in the prevention of degenerative diseases, due to differential reactivity and bioavailability; in particular, oligomeric compounds have been recognized for their enhanced antitumor and anti-HIV activities when compared to monomeric and highly-polymerized compounds of the same chemical class, and in a more general perspective, the inhibitory activity against LDL peroxidation is generally stronger by ellagitannins than by the other tannin compounds [62] . In the same study, it was reported that the ellagitannins showed a promising ability to inhibit peroxidation in physiological conditions, as determined through the monitoring of radical species by Electron Spin Resonance (ESR) spectroscopy measurements [62] . In more recent times, Romani et al., have confirmed the superior antiradical mechanisms of ellagitannins dietary sources (myrtle and pomegranate food-grade extracts) when compared to dietary sources of condensed tannins, like chestnut bark and grape seeds; the ability to scavenge the DPPH radical was assayed and expressed as EC 50 value (concentration of the compound giving half-maximal response, µM), obtaining the following values: 0.586 µM for chestnut bark, 1.675 µM for grape seeds, 0.667 µM for myrtle leaves, 1.347 µM for pomegranate peels. It was concluded that the chestnut and myrtle extracts exhibited the higher antiradical activity due to the simultaneous presence of gallotannins and ellagitannins, followed by pomegranate peel extract that was mainly composed by ellagitannins; the grape seed extract, which contained exclusively condensed tannins, exhibited the lowest antiradical activity of the series [63] . The superior antiradical activity of extracts containing gallotannins, ellagitannins, or mixtures of them was also confirmed by Ricci et al., comparing with grape seed and skin extracts which are mostly constituted by condensed tannins [2] .
The data collected in literature about ellagitannins bioactivity suggest their use as nutraceutical and functional ingredients for their important antioxidant properties; a more detailed investigation will be requested through the investigation of their bioavailability and efficiency when considering in vivo systems, and their enhanced efficiency when used in combination with other bioactive compounds like phenolic acids and gallotannins. In this review, the availability of ellagitannins in wine following storage in oak barrels and the nutraceutical implication in human diet will be discussed in section 7.
Green Tea: Chemistry and Bioactivity
Tea is a widely consumed beverage, probably the most worldwide consumed after water. Among the multiple tea types which are traditionally consumed, the unfermented green tea contains a major concentration of active catechins, minerals and vitamins, conferring a high nutraceutical value [66] . The use of green tea in medicine has a long tradition, being developed in China as a healthy beverage few millennia ago. Nowadays, the interest on green tea beverage and supplements is mainly driven by clinical evidences on its contribution to reducing the risk of cardiovascular diseases and some forms of cancer, together with its beneficial action on hypertension control, body weight control, its antibacterial and antivirasic activity, its neuroprotective power, to cite some examples. However, despite the multiple beneficial effects, the consumption of green tea in Western countries is somehow limited and sporadic, and there is a need to raise awareness among consumers on the benefit impact of tea in humans diet [67] .
The main consequences in human health deriving from the activity of green tea flavonoid and polyphenols could be summarized as follow: radical chain breaking, inhibition of DNA oxidative modification induced by Tetradecanoylphorbol Acetate (TPA), inhibition of low-density lipoprotein oxidation, inhibition of tert-butil peroxidation and inactivation of reactive species derived from cooked meal [68] .
The fresh and dry tea leaves show the following general composition: polyphenols (10-35%) caffeine (approximately 3.5%), theobromine (0.15-0.2%), theophylline and other methylxanthines (0.02-0.04%), lignin (6.5%), organic acids (1.5%), pigments, mainly chlorophyll (0.5%), theanine (4%), free amino acids (1- . 08 . 5 .5%), in addition to numerous flavour compounds [69, 70] . Several carbohydrates, alkaloids, minerals, vitamins and enzymes are also present as minor constituents [71] . Catechins are ubiquitously distributed in the tea leaf tissues, where they are prevented from contact with oxidase enzymes by specific membranes; during the processing, which provides withering and rolling of fresh leaves, the structure of the leaf is disrupted and the oxidases come into contact with the catechins inducing oxidation. To limit the oxidative effect the green tea leaves are typically steamed or pan-fired to induce enzymatic inactivation, and subsequently the condensation reactions are inhibited; for this reason, 60 to 80% of the total flavonoids in green tea are catechin monomers. The green tea dried leaves preserve a significant content in flavan-3-ol active monomers, mainly Epigallocatechin-3-Gallate (EGCG) and Epicatechin-3-Gallate (ECG); minor components are (-)-Epicatechin (EC) and Epigallocatechin (EGC) [72] . EGCG, characterized by a strong antioxidant activity (section 4.1) is the most abundant flavan-3-ol monomer in tea leaves, contained in green tea in a concentration ranging from 30 to 130 mg/cup [73] .
Most of the flavan-3-ol-based compounds which could be identified in a green tea extract are reported in figure 5 . A minor concentration of condensed polymers were reported for green tea polyphenols, induced by partial oxidation processes occurring at the withering stage [15] . This finding was in apparent contradiction with a study of Ricci et al., showing that the polymerized compounds constituted almost half (47.6%) of the total polyphenolic fraction in a food-grade lyophilized green tea. Nevertheless, the same authors have concluded that high variability is expected in the composition of botanical food-grade additives, according to extraction procedures, processing, and storage [2] .
The early evidence of EGCG bioactivity has arisen from clinical studies showing inhibition of soybean lipoxygenase, using the IC 50 10-20 µM Trolox Equivalent (TE) as reference values. The green tea, considered as the main natural source of galloflavonol gallates, was then compared with other plant species hav- ing a high antioxidant activity but lower EGCG content: results showed that oxygen radical absorbance capacity of green tea was enhanced comparing to brussel sprouts, garlic, kale and spinach extracts [68] .
The incidence of both galloylated substitution and gallate function in the antiradical activity flavan-3-ol-based monomers was further confirmed in a study of Heim et al. In this study, antioxidant capacity was evaluated as Trolox Equivalent Antioxidant Capacity (TEAC), showing that the activity of EGCG (4.75 mM TE) is more than double compared to EC (2.5 mM TE) and catechin (C, 2.4 mM TE) monomeric compounds; on the opposite, it is comparable to the activity of quercetin (4.7 mM TE), which is recognized as a strong flavonoid antioxidant [74] .
Green tea also has a noticeable variety of flavonol structures, mainly flavonol-derived glycosides and rutinosides; Ricci et al., have listed several flavonol structures elucidated by MALDI-ToF of a food-grade green tea lyophilized extract, including kaempferol, myricetin, quercetin, kaempferol-3-glycoside, quercetin-3-glycoside, myricetin-3-glycoside, quercetin-3-rutinoside, kaempferol-3-rutinoside and quercetin-3-rutinoside [2] . In the same study, the total polyphenolic content and bioactivity of green tea (GTP) lyophilized extract was compared with grape seeds (SEP) and skin (SKP) extracts, all assumed to be mainly composed by flavonoid compounds; the aim was to highlight how the occurrence of specific flavan-3-ol structures (regardless their concentration) has a major impact in the antioxidant capacity, according to chemical mechanisms elucidated in section 4.1. When dissolving 1 g/L of lyophilized products into an hydro-alcoholic solution, the folllowing contents in flavonoids were found: SKP (2.83 mM catechin-equivalents, CE) > GTP (2.11 mM CE) > SEP (1.62 mM CE). A high correlation between total polyphenolic content and antioxidant activity has often been generally observed in previous works when studying samples from similar botanical matrices [75] [76] [77] , but the correlation is lost when comparing different botanical sources [2] . In more detail, the antioxidant capacity of commercial extract per g of dried material decreased in the following order: GTP (0.42 mM TE) > SEP (0.26 mM TE) > SKP (0.24 mM TE). It follows that the quality of the polyphenolic profile has a major influence on the bioactivity and, in particular, the antioxidant activity follows the same trend as the content in galloylated gallocatechins, being the main functional components in green tea and not present at all in grape skin [2] . These conclusions were supported by previous literature showing the prominence of EGCG-derived compounds in the bioactivity and bioavailability of green tea polyphenols [78] [79] [80] .
Green Coffee: Chemistry and Bioactivity
Coffee mainly contains hydroxycinnamic acids with their concentration depending on the type of beans (green or roasted). The roasting process affects the bioactivity of coffee beverages (section 1) as confirmed by del Castillo et al., who found that the antiradical activity evaluated by the ABTS•+ assay decreases in light-, medium-and dark-roasted samples of Colombian Coffea arabica, due to progressive degradation of chlorogenic acid and formation of high and low molecular mass by-products.
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Among them, the stronger activity against ABTS•+ radical was found in the low molecular fraction, mainly observed in medium-roasted beans [81] .
The fresh beans are major sources of bioavailable caffeoyl and dicaffeoylquinic acids derivatives [82] with biological effects mostly related to antioxidant and antiinflammatory activities. Coffee has high concentrations of chlorogenic, caffeic, ferulic, p-coumaric acids and other chlorogenic-acid derivatives, formed by esterification of the former with (-)-quinic acid ( Figure 6) ; in more detail, the concentration of highly bioactive chlorogenic acids ranges between 5-12 g/100g dry weight [83] . The antioxidant activity of these compounds is well recognized in the literature [51, 84, 85] , and their radical scavenging activity was assessed in previous works with pure standards in hydro-alcoholic solutions (20 µM concentration) by the DPPH• assay; the resultsing inhibition percentage values were 51.5% (caffeic acid), 36.3% (chlorogenic acid) and 24.8% (ferulic acid), respectively [86] . Nevertheless, the effective bioactives made available consuming green coffee on a daily basis has been rarely investigated. A study conducted on ten healthy adults evaluated the bioavailability of chlorogenic acids in human plasma and urine for 8 h after the consumption of a green coffee supplement containing 170 mg (Dry Weight) of the same compounds [87] . Results showed that the concentration of chlorogenic acids and related metabolites recovered in human plasma was higher than 33.1±23.1%, with peak levels from 0.5 to 8 h following ingestion, and only 5.5±10.6% of cinnamic and quinic acids were overall highly absorbed in urine over the same period; elevated standard deviations reported in this work are associated to the clinical nature of the experimental setup. It was concluded that chlorogenic acids provided by green coffee are highly absorbed and metabolized [87] , although the same authors had previously highlighted a large inter-individual variation in the absorption and metabolism of chlorogenic compounds in humans [88] .
The interest on green coffee consumption in human diet arises from recent clinical studies; it was demonstrated that the ability of humans to absorb bioactive polyphenols contained in coffee beans has a positive impact in antihypertensive effects, vasoreactivity, inhibition of fat accumulation and body weight regulation, modulation of glucose metabolism [89] [90] [91] [92] . The clinical impact of green coffee consumption is mainly driven by the strong antiradical and reducing capacity of the polyphenolic fraction. In a study of Naidu et al., food-grade extracts were prepared from the green coffee beans of Coffea arabica and Coffea robusta by flaking (hydrothermal treatment followed by drum drying), powdering and solvent extraction, and the antioxidant capacity of extracts was assayed. When dissolving the powdered extract at a concentration of 200 mg/L in water, the total polyphenols content ranged between 31.7% and 32.2% for the two coffee species, with chlorogenic acid as the major polyphenolic compound in both cases. The antioxidant capacity was exceptionally high, 92% for Coffea arabica and 88% for Coffea robusta varieties; percentages are expressed in terms of synthetic DPPH• radical scavenged [93] .
Iwai et al., have investigated the composition of low-grade (immature) and commercial-grade green coffee beans by Mass Spectrometry (MS), Magnetic Nuclear Resonance ( 1 H NMR), and High-Performance Liquid Chromatography (HPLC) methods; they were able to identify and quantify seven distinctive hydroxycinnamic acid derivatives, namely 3-Caffeoylquinic Acid (3-CQA), 4-Caffeolyquinic Acid (4-CQA), 5-Caffeoylquinic Acid (5-CQA), 5-Feruloylquinic Acid (5-FQA), 3,4-diCaffeoylquinic Acid (3,4-diCQA), 3,5-diCaffeoylquinic Acid (3,5-diCQA) and 4,5-diCaffoylquinic Acid (4,5-diCQA). Chlorogenic acid isomers constituted 10.4% of the total dry weight of commercial product, with 5-CQA being the main compound. The polyphenolic fraction was then analyzed in terms of antiradical activity, using the DPPH• free radical and superoxide anion radicals generated by xanthine-oxidase methods; comparison with reference standards and previous literature showed that the chlorogenic acids of green coffee were from 1.0 to 1.8 times stronger than common antioxidants such as α-to1 -copherol and ascorbic acid. Moreover, between the chlorogenic acid subclasses, the activities of the dicaffeoylquinic acids were generally twice stronger than caffeoylquinic acids and 4 times more active than 5-FQA [94] .
We can generally conclude that the content in phenolics and chlorogenic acids in coffee at the pre-roasting stage makes the green coffee bean a source of natural antioxidants and a valuable ingredient for human supplements. However, some authors have noted that regardless the promising results in matter of bioactivity of green coffee bean extracts, their exploitation as supplement or incorporation into food systems may require further studies involving toxicological effect, dosage level and carry-through effect possibly induced by occasional contaminants [95] [96] [97] [98] .
Red Wine: Chemistry and Bioactivity
The phenolic composition of wines is characterized by a certain variability, depending on grape species and cultivar, climatic conditions (mean day temperature, sunlight exposure ), soil characteristics and soil management history [99] [100] [101] [102] , and . 010 . then, on the winemaking conditions: fermented yeasts, maceration time, use of additives, fining and aging conditions, among others [103] [104] [105] . Wine is an hydroalcoholic solution (generally 10-16% v/v), enriched with organic and inorganic components: aldehydes (70 mg/L on average, mainly acetaldehyde), glycerol (7000 mg/L on average), higher alcohols (500 mg/L on average), sorbitol and mannitol (300 mg/L on average), sulfites (80 mg/L on average), fixed acids (6000 mg/L on average), amino acids (550 mg/L on average), esters (60 mg/L on average), minerals (1200 mg/L on average), sugars (750 mg/L on average), volatile acids (400 mg/L on average) and polyphenols (1800 mg/L on average) [106] . In general, the average composition of red and white wines is substantially different in terms of polyphenolic compounds, with the former being richer in flavonoid polyphenols and tannins and also including anthocyanins and pigmented polymeric compounds [107, 108] . The extraction of phenolics from grape is a critical issue for winemakers, since technological properties like color, flavor, astringency and bitterness are related to their amount and molecular structure [109] [110] [111] ; moreover, they are mainly responsible for the antioxidant power, and their simultaneous presence provides a synergistic effect on antioxidant activity [112] [113] [114] .
A study of de Beer et al., has reviewed the average polyphenolic contents reported in previous works; the total polyphenolic content for red wines ranged between 700 and 4 059 mg/L with an average of 1686.4 mg/L. Red wine mainly contains flavonoid compounds (range 700-1060 mg/L), distributed among flavan-3-ol monomers (catechin and epicatechin), oligomers and polymers (proanthocyanidins or condensed tannins), whose main structures are shown in figure 5 , anthocyanins (malvidin-3-O-glucoside, mainly) and flavonols (quercetin, myricetin and kaempferol and their glycosides) [115] .
The abundance of polyphenols in red wine is responsible for its health benefits; nevertheless, as noted by German and Walzem (2000) , the disclosure of effective nutritional properties of red wine is a challenging task, due to the high variability of involved phenolic structures (estimated over 200 different molecules) and to the simultaneous presence of ethanol, which is toxic for the human beings above a certain threshold. A further limitation in clinical and nutraceutical studies arises from slowly developing diseases for which validated biomarkers are rare; this complicates the correlation between the potential protective effects of red wine polyphenols and recommended nutritional dosages [21] . Numerous epidemiologic studies, involving human groups characterised by different geographical origin and traditions, reveal that daily moderate wine consumption statistically reduces cardiovascular diseases when compared with individuals who abstain or who drink excess alcohol [116] [117] [118] .
In nutraceutical terms, when limiting the ethanol intake, two main mechanisms are responsible for the healthy effect of wine: (i) the improvement of lipoprotrein metabolism as a consequence of a controlled ethanol intake [119] [120] and (ii) the radical chain action induced by polyphenolic compounds present in wine, particularly flavonoid compounds, which limit the Low Density Lipoprotein (LDL) oxidation and subsequent detrimental mutagenicity of the cells, also correlated to the development of cancers and other degenerative diseases [121] [122] [123] . Further, the combined effect of alcohol and polyphenols was investigated, to detect biomarkers of specific diseases, allowing to detect them and enabling their prevention [124] [125] [126] . The hypothesis of a combined effect is related to the evidence that the bioavailability of wine flavonoids in human beings is very low; although the bioavailability data for these compounds are still sparse, gut absorption of flavonoids seems to be inversely correlated with their degree of polymerization: absorption is higher for dimeric and trimeric procyanidins than for higher order polymers [127] . Moreover, due to the limitation in wine dose recommended by FAO to avoid diseases induced by an excessive alcohol intake, the concentrations of flavan-3-ols and anthocyanins that could occur in plasma under a realistic dietary supply range from nano-moles to micro-moles [128, 129] . This assumption makes unlikely a relevant contribution of polyphenols themselves to the putative healthy effects associated to wine consumption. The recent work of Boto-Ordóñez et al., in particular, has evidenced that the beneficial effects on blood pressure and inflammatory parameters in cardiopathic subjects may be attributed to metabolites formed by the intestinal microbiota from flavonoids present in ingested food, more than the polyphenolic precursors originally present in red wine.
An additional source of polyphenols arises from the barrel aging processing step, which is a common practice in red winemaking, besides the use of additives like powdered tannins, chips and staves. Oak wood has been traditionally used for red wine aging due to its technological properties and to the sensory impact in terms of flavors and aroma and it is characterized by a high content of benzoic acid monomers and extractable ellagitannins, which are easily released in hydro-alcoholic solutions like wine (Figure 7 ). In particular, Jourdes et al., have identified oak-derived C-glucoside ellagitannins in red wines aged in oak wood barrels and put in contact with oak wood chips, as well as condensed compounds as the β-1-O-ethylvescalagin and flavano-ellagitannins, acutissimin and epiacutissimin, togheter with galloylated and glycosylated fragments derived from hemicellulose and lignin degradation [130] . The impact of hydrolysable tannins derived from oak aging in wine has been studied in a work of Cerda et al. In this study, forty volunteers were divided into four groups and each group was supplied with a dose of foodstuff containing high levels of ellagitannins: strawberries (250 g), red raspberries (225 g), walnuts (35 g ) and oak-aged red wine (300 mL). Urine samples were collected for each group after ingestion and they showed a very low concentration of hydrolysable tannin structures, associated with the presence of the specific metabolite 3-hydroxybenzo[c]chromen-6-one (urolithin B) conjugated with glucuronic acid. Moreover, large variations in absorption capacity were denoted among individuals, resulting in a large concentration range of this specific metabolite in urines. The study showed that the ellagitannins are easily made available in humans by hydrolysis and metabolism by specific gastric microflora, despite the corresponding metabolism was not fully elucidated [25] ; the same authors have suggested to focus on the bioactivity of the urolithin B derivatives and on the variability of human gastric microflora for a better elucidation of mechanisms of the antioxidant activity. Several studies have . 011 . demonstrated the additional healthy effect of urolithin B as hyaluronidase inhibitors and antiangiogenic agents [131] [132] [133] .
The controversial role of resveratrol in the nutraceutical properties of red wine Resveratrol (3,5,4'′-trihydroxystilbene) is the parent compound of the family of viniferin molecules, which is present in significant amounts in vines, peanuts, and pines; its synthesis from p-coumaroyl and malonyl acids is induced for protective pur- Figure 6 : Structure of some representatives of benzoic and ellagic acids-based structures that can be released in red wine during the fining process using oak wood.
poses by plants, and the whole class of resveratrol-derived molecules is classified as phytoalexin anti-fungicides, inhibiting the progress of fungal infection and conferring resistance toward the attack of several plant pathogens. The resveratrol was first identified in its free form and as a β-glucoside (polydatin or piceid) in the root of Polygonum cuspidatum, with the trans form as the main isomeric configuration. The plant preparation is the main ingredient of the Japanese medicine Ko-jo-kon, an herbal preparation used to treat inflammatory and fungal diseases, heart and blood vessels [134] . The interest in resveratrol as a putative bioactive compound contained in plant-derived beverages and extracts raised at the beginning of 90ties, in particular in 1992 a study by Siemann and Creasy reported the presence of trans-resveratrol in wine, postulating the potential impact of a moderate red wine consumption in the resveratrol dietary intake [135] ; the study was supported by the growing interest in the impact of wine consumption on limiting chronic cardiovascular diseases, and several epidemiological studies were devoted to the correlation between the bioactive compounds occurring in wine, the toxic effects induced by alcohol, and the beneficial/ detrimental effect balance among them [136] . Most of the studies were focused on the antioxidant capacity of red wine and the putative beneficial effects associated to its consumption, and at a first stage, a key role for this property was attributed to the original presence of trans-resveratrol in the vine. Nevertheless, the studies conducted over the following years made some important contributions to this preliminary assessment; a research undertaken in vitro by the University of California, Davis, aimed to compare the antioxidant effect of white and red wines, showing that the phenolic constituent of red wine prevented oxidative stress in a larger extent than those contained in white wine. Pure quercetin, (-)-epicatechin and trans-resveratrol were assessed as major phenolic constituents of red wines, considering the average concentrations of these compounds expected in red wines; nevertheless, the resveratrol showed to produce only a minor contribution on the overall antioxidant capacity [137] . Further studies were conducted to assess the ability of the same compounds to inhibit the LDL oxidation; results confirmed the previous findings, showing a strong correlation between the content in gallic acid, (+)-catechin, myricetin, quercetin, caftaric acid and their inhibitory effect against pro-oxidant, while any correlation was found between the inhibitory effect and the content in trans-resveratrol [138] .
The role of resveratrol in the beneficial effect of red wine consumption was debated up to a decade, involving intense researches devoted to the analytical characterization, bioactivity measurement applied to in vitro and in vivo systems, and identification of the factors which are likely to promote its enrichment in wine. At the state of art, a conclusive evidence for its beneficial effect on human metabolism is lacking, and it is questionable that the in vitro bioactivity of trans-resveratrol can be reproduced through a moderate red wine consumption. The main concern regarding the effect of assuming red wine as a dietary source of resveratrol is the low content of this compound occurring in wine, and the competitive activity of other polyphenolic compounds which are present in a larger extent [134] . In spite of the interest initially raised, since the end of the 1990s studies on trans-resveratrol in red wine have been practically interrupted, supplanted by a more in-depth study of simple phenolic compounds, tannins, and of the mechanisms involving their antioxidant capacity.
Putative Toxicological Effects and Epidemiological Effect of Biomedical Strategies Based on Polyphenols Consumption
The regular and massive consumption of fruits and vegetables and their derivatives, which are sources of bioactive compounds (vitamins, mineral elements, polyphenols, among others) have been considered for a long time a preventive approach against major degenerative diseases, including cancer. Nutraceutical studies listed in the previous paragraphs suggest the potential nutraceutical impact arising from the consumption of polyphenolic-rich beverages; nevertheless, it is worthy of notice that further extensive clinical studies have been conducted on dietary sources of bioactive compounds and neither epidemiological nor experimental evidence have been found confirming this assumption. A recent, systematic study of the chemopreventive effect induced by non-polyphenolic bioactives has alerted about the excessive trust placed in the beneficial effect of individual compounds rather than in the planning of a balanced and complete diet [139] . Further studies have paid attention in dietary sources of polyphenolic compounds commonly recognized as bioactive foods; in particular, the chemopreventive ability of nutraceutical . 012 .
food has been tested in humans and rats in case study, planning a daily diet restricted to the consumption of selected fruit and vegetables. A recent study by Bonamassa et al., included black grape among diet supplements that were administered to laboratory mice, alone or in combination with lyophilized onion, tomato, peach, and lettuce; ten days post-treatment, the following parameters were monitored: phase-I/II xenobiotic metabolizing and antioxidant enzyme activities, protein and mRNA levels; moreover, the occurrence and level of hydroperoxides were investigated in rat serum samples as a marker of oxidative stress. Noticeably, the systematic consumption of randomly-blended selected food, being lyophilized onion, tomato, peach, lettuce and black grape, on a daily basis, induced a down-regulation of the catalytic activity, protein and mRNA levels of a cohort of hepatic metabolizing enzymes, reducing their activity upon exposure to ubiquitous carcinogens; the latter observation was further confirmed by the boost in systemic hydroperoxide levels, as a consequence of the impairment of antioxidant enzymes. The authors of this study have concluded that a proper dietary guidance should rely on a "daily diversification" of fruit and vegetables dietary sources, to avoid the systemic stress induced by the repeated assumption of the same food [140] . In a previous work, Sapone et al., also noted that the concept of chemopreventive action of fruits and vegetables, being foods rich in nutrients and phytochemicals, have been drastically simplified by applying dietary experimental approaches based on the use of single bioactive components both as a single supplement or in functional foods; this approach fails to take into account the outcomes of enzyme modulators and their effects on immunosystemic responses. In particular, the study has highlighted that a regular long-term administration of isolated nutrients and other chemicals derived from food plants is not sufficient to manipulate the activity of specific catalysts; reversely, a healthy diet is likely to reduce mutagenesis risk, showing that dietary patterns with high nutraceutical value are more effective than isolated nutraceutical compounds [141] .
Conclusion
Commonly consumed beverages, green tea, green coffee and red wine, have been discussed in terms of general composition and described in relation to their content in phenolic compounds. Green tea, green coffee and red wine have been reported as major sources of antioxidant polyphenols; polyphenols are well-known antioxidants, and the specific classes of phenolic compounds involved: flavonoid compounds, hydroxycinnamic acids, hydrolysable tannins, have been detailed in terms of their chemical structure and reactivity, to support the evaluation of potential nutraceutical impact of beverages containing high concentrations of these bioactives. The most recent literature on the nutraceutical impact of selected beverages was reported leading to the following general conclusions: (i) Green coffee, green tea and (moderate) red wine consumption has a positive nutraceutical impact due to their polyphenolic content, both in qualitative and quantitative terms; structure-activity relationship have been demonstrated based on specific chemical and biological reactivities. (ii) Although the strong antioxidant activity and associated mechanisms of action have been demonstrated by in vitro studies and briefly summarized in this review, a nutraceutical approach requires a more detailed study of the biosynthesis of specific metabolites produced by human microbiota during digestion, because metabolism significantly changes the biochemical characteristics of the precursors. Promising studies have been carried out from this perspective, highlighting differential absorption capacity of subclasses of phenolic compounds; a further cause of variability should be attributed to the specific microflora among individuals. Based on these premises, a significant contribution would arise from systematic in vivo studies in a representative samples series; the combination of existing scientific evidences and new experimental approaches would improve the consumer awareness on the consumption of green tea, green coffee, red wine, as pleasing drinks and dietary supplements.
